Numerical comparison of attenuation and hardening properties of phantom (lucite, soft tissue, water) and hardware (aluminium and steel) materials with those of lead has been carried out. Results show that the shieldings that are affordable by lead attenuation equivalent thicknesses (LAE) and lead hardening equivalent thicknesses (LHE) are not strictly equivalent to those affordable by thickness of substitutes (phantom materials, aluminium and steel) when there are differences in attenuation and hardening properties. Even though beams through LAE that are not 'exact' have equal exposure values, the half value layers are higher than those through thickness of lead substitutes. Example calculations show that the use of lead thickness (LAE) that are not 'exact' to account for the shielding afforded by the thickness of patient (water phantom) produce lesser reduction of primary radiation level in the area marked for shielding. The 'exact' LAE that will reduce primary radiation level equally as the patient and radiographic table may be higher by close to 20 % or more of that which is not 'exact'.
Introduction
In the traditional approach used for shielding design for diagnostic X-ray facilities, it has been noted that considerations are not given to the attenuation provided by patient, grid, cassette, cassette holder and X-ray table 1, 2 . Dixon 1 reported that the primary beam could be attenuated to the order of more than three at 100 kVp by the X-ray table and patient before impinging on the floor. Subtracting the lead (or concrete) equivalent thicknesses of the abovementioned intervening objects could reduce the cost of construction for walls and floors on which useful beams may impinge. Depending on the workload of patient per day in the X-ray room, little or no primary beam shielding may be required on the floor/wall. Thus, in this instance, accuracy in the estimation of additional shielding requirement for primary beam apart from that provided by patient and hardware in the X-ray beam depends on the precision with which the determination of lead (or concrete) equivalent thicknesses is carried out.
The lead (or concrete) equivalent thickness is defined as that thickness of lead (or concrete) which provides the same quantitative (exposure) attenuation 1, 3 . It is to be assumed that the quality of the attenuated beam is the same as the quality the beam would have after penetrating the equivalent lead (or concrete). By this definition, both materials in comparison should possess the same attenuation and hardening characteristics. Combining the equality of attenuation and hardening characteristics as criterion for equivalence translates to equal shapes and sizes of spectra transmitted through lead (or concrete) and its substitute. This may not be possible since for different materials, the magnitudes of photoelectric and scattering interactions differ in a non-uniform manner across the energy spectrum of interest in diagnostic work (0 -150 keV).
The aluminium exposure attenuation equivalent thickness of 30 mm of beryllium that was reported by Nagel 4 is 2.66 mm Al while, the aluminium hardening equivalent thickness of this thickness of beryllium is 0.365 mm Al. The exposure spectra after passing through the beryllium and aluminium at attenuation equivalent thicknesses have equal area (size) but different shape. The exposure spectra after passing through the beryllium and aluminium at hardening equivalent thicknesses have identical shape but different area (or size). In the case of attenuation equivalence, even though the area of spectra is equal (equal exposure), the spectrum transmitted by aluminium is more hardened than that transmitted by beryllium. Thus, if either of the aluminium thickness is to serve as shielding material in place of beryllium, the shielding provided will not be deemed equivalent. At attenuation equivalent thickness, aluminium transmits spectra with more penetrating power (higher half value layer) than beryllium. At hardening equivalent thickness, aluminium transmits beam with more exposure than beryllium. It is only when the two materials in comparison transmit exposure spectra that have equal area and shape that the shielding afforded can be regarded as equivalent in the strict sense. This is possible only when the different materials have the same attenuation and hardening properties. Ideally, two different materials having equal attenuation and hardening properties do not exit 5 . Thus, in the strict sense, the precision attainable in the determination of true equivalent thicknesses for two different materials is dependent on the degree of closeness of their attenuation and hardening characteristics.
This theoretical work addresses two issues. First, how close is the attenuation and hardening properties of lead to those of patient (tissue phantoms), aluminium (usable as grid and cassette component), and steel (usable as X-ray table, cassette holder and bucky assembly component)? Second, how equivalent will be the shielding that will be provided by lead to those by aforementioned materials at seemingly equivalent thicknesses? By least square methods, parameters which can be used in the calculation of exposure attenuation, lead exposure attenuation equivalent thicknesses (LAE) and lead hardening equivalent thicknesses (LHE) of lucite (polymethylmethacrylate or PMMA (C 10 H 8 O 2 ) n ), soft tissue, water, aluminium and steel are presented.
Materials and Methods
For two different materials, m 1 and m 2 to have the same exposure attenuation for a given incident broad X-ray beam, where, t x1 and t x2 are thicknesses of m 1 and m 2, respectively, at equal exposure attenuation, φ m1,i (E i ) and φ m2,i (E i ) are the transmitted numbers of photons in the energy bin E i for m 1 and m 2, respectively and is the mass-energy absorption coefficient of air as detector material.
The condition for equal hardening for two different materials is that the materials must transmit spectrally equivalent beam for a given incident broad X-ray beam. Theoretically, …(2) must be satisfied over a large range of the energy spectrum of the transmitted photons through the two materials in comparison 4, 5 . t h1 and t h2 are thicknesses for m 1 and m 2, respectively, at equal hardening, μ m1,i (E i ) and μ m2,i (E i ) are the attenuation coefficients at energy E i for m 1 and m 2, respectively, and T 1 and T 2 are narrow-beam transmission for materials m 1 and m 2, respectively, K is a constant that is not dependent on energy. Jennings 5 has provided details of the algorithms used in these matching processes. In the computations carried out for this study, t x1 and t h1 are set equal to thicknesses of lucite, soft tissue, water, aluminium and steel for equal exposure attenution and hardening, respectively, t x2 values are LAE while t h2 are LHE.
The matching of the exposure of beam (attenuation) transmitted by tissue phantoms (lucite, soft tissue, water), aluminium and steel with those transmitted by lead were carried out by using software programs traceable 6 to American Association of Physics in Medicine (AAPM). A computer source code called PHACOM that was written in FORTRAN language calculates the thicknesses of lead (LAE) that transmits the same exposure as those transmitted by tissue phantoms, aluminium and steel at specified thicknesses. The calculations in respect of matching of hardening were carried out using the FORTRAN source code MATSIM1 that is also traceable to AAPM. This program matches the shape of spectrum transmitted by tissue phantoms, aluminium and steel at specified thicknesses with that transmitted by LHE.
The SUBROUTINES needed along with PHACOM and MATSIM1 include MUCAL, which was used to calculate the attenuation coefficients using polynomial fit of McMaster et al. 7 , and HVLSUB, which calculates the half-value layer of incident and transmitted spectra for both materials in comparison. The use of McMaster et al. 7 attenuation coefficient data will yield results that will not deviate significantly from the results obtainable using newer compilations of attenuation coefficient data. A comparison of the 1969 data compilation of mass attenuation coefficients from McMaster et al. 7 with the newer data from Lawrence Livermore National Laboratory (in Livermore, CA) shows that the percentage differences were in the range of ±4.6 % for Z = 1 to 10, ±1.8 % for Z = 11 to 60 and ±3.8 % for Z = 61 to 82 for 10 keV to 1000 keV. For elements with Z=1 to 82, the overall average difference was 1.53% (Ref. 8) . A recent review 9 shows that in medical and biological applications, the photon interaction crosssection data have been stable for the past century. The uncertainty reported for this period is of the order of 1% -2% for energy from 5 keV to few MeV (Ref. 9) .
MATIN is a data entry SUBROUTINE used in MUCAL. The various data files needed to execute the program PHACOM and MATSIM1 include XRAYMU.DAT, which is the McMaster et al. 7 data in unformatted form. CRFRLN.DAT are the conversion coefficients from photons/cm**2 to Roentgens. Data file AL01MM.DAT is the transmission of 0.01 mm Al used by HVLSUB. The air detector is assumed to absorb the total beam energy.
During the interactive running of PHACOM and MATSIM1, the information supplied includes incident spectrum data, elemental compositions (with atomic number of elements and weight by fraction), density and thickness of tissue phantoms, aluminium and steel. The constant-potential spectra data used as incident spectra were those published for 70, 80, 90, 100, 110, 120, 130 and 140 kVcp in Fewell et al. 10 for General Electric Maxiray 125B with tungsten as target. For all these, the inherent filter is equivalent to 1.3 mm Al and added filter is 1.5 mm Al. This inherent and added filter is considerably comparable with those used in modern-day X-ray generators, which use three-phase power system. Simpkin 11 had used this set of incident spectra data to generate exposure transmission curves that are in reasonable agreement with measured three-phase X-ray transmission data reported in literature 12, 13 . The first HVL values of the incident beams used in this study are as presented in Table 1 of this text (after Fewell et al. 10 ). These incident spectra are considered to accurately represent output from modern diagnostic X-ray machine that produces more intense and penetrating photon beams 11 . The density and elemental compositions assumed for tissue phantoms, aluminium, and steel are given in Table 2 .
The details of the algorithms used in these computer packages are fully described in Jennings 5 . This reference 5 had earlier reported an experimental validation of the software packages used in this study. The spectroscopic comparison of aluminium, copper and yttrium was in good agreement with data obtained using these computer packages (Figs 11 and 13 of Jennings 5 ). Using these computer packages, a good match was also observed for HVL values obtained using these packages for spectra transmitted by aluminium, copper and yttrium at equivalent thicknesses (Table V of Jennings  5 ) . In this study, based on exposure reduction, the HVL values of incident spectra that were obtained from Fewell et al. 10 were calculated using the computer packages. The results of these calculations which are in agreement with experimental HVL values reported by Fewell et al. 10 are given in Table 1 of this text. The thicknesses of lucite, soft tissue and water used in the calculations for the matching of attenuation and hardness were varied between 50 and 300 mm. Values of thicknesses of aluminium were varied between 15 and 90 mm, while those of steel were between 2 and 12 mm. 
Results and Models Proposed
Typical results obtained at equal attenuation of spectra transmitted through some selected thicknesses of lucite, soft tissue, water, aluminium and steel and spectra transmitted through lead at LAE are shown in Fig. 1 . Similar comparison of spectra transmitted through these selected thicknesses of lucite, soft tissue, water, aluminium and steel and spectra transmitted through lead at LHE are shown in Fig. 2 . Using curve-fit least square routine implanted in the computer package, GRAF4WIN the equation resulting in best fits to LAE (t LAE obtained from PHACOM) as a function of thicknesses of materials (lucite, soft tissue, water, aluminium and steel), t m is of the form:
With the same computer package, GRAF4WIN the relationship between LHE (t LHE obtained from MATSIM1) and thickness of materials (lucite, soft tissue, water, aluminium and steel), t m obtained is of the form:
Values of α, β, γ and λ resulting in best fits to Eqs 3 and 4 are presented in Table 3 . t m , t LAE and t LHE are in millimeters.
Using the results from the matching of attenuation, exposure attenuation curves (Fig. 3) were obtained for all the materials investigated. Least square routine, FSOFT was written in FORTRAN language and used to fit these curves. The equations resulting in best fits are of the form:
… (5) where, T is the ratio of transmitted exposure to incident exposure, t m is as defined in Eq. 3, and
Values of P o = 0.5 and r = 2.0 produce best fits to Eq. 6. Values of C 0 , C 1 , C 2 and C 3 resulting in best fits to Eq. 6 are presented in Table 4 . The Σ n is the sum over n values. Explicitly, Eq. 5 is of the form:
where, C k = exp (Co).
The values of α, β, γ, λ, C 0 , C 1 , C 2 and C 3 are strongly dependent on incident beam quality and material in consideration. However, the incident spectra used in obtaining the data for the derivation of Eqs 3, 5 and 6 are considered to accurately represent output from modern diagnostic X-ray machine 11 , obtaining the thicknesses of lead that afford the same shielding as patient (or any other materials) is achievable by simply solving for t LAE . Using a FORTRAN source codes, FMINT and Eqs. 5 and 6, an iterative process was used to search for the thickness of steel and LAE producing equal transmission of exposure from beams through different radiographic FMINT uses the values of C 0 , C 1 , C 2 , C 3 for steel and lead (Table 3) and transmission, T reported 1 for different radiographic tables. Results obtained are presented in Table 5 . Using the values of α = 1.6584 × 10 1 and β = 1.0 for data of steel at 80 kVcp ( (Table 5 ).
Discussion

Matching of attenuation (cumulative exposurequantitative matching)
In the range of thicknesses investigated in this study, Table 6 presents the differences in the matching of exposure transmitted through phantom materials (lucite, soft tissue and water), aluminium and steel with those transmitted through lead at LAE thicknesses are less than 1 %. However, typical results Fig. 1 show that, even though the exposures from transmitted spectra are matched, the shape or qualities of these spectra are significantly not matched. The ranges of differences in the matching of qualities of these spectra are reflected by the ranges of percent differences in values of HVL that are presented in Table 6 for equivalent matching of attenuation. HVL values of beams through phantom materials significantly deviate by 7-68 % when compared with beams through lead at LAE thicknesses. These are with beams through lead having higher HVL values. The range of this deviation in respect of aluminium when compared with lead at LAE thicknesses is between 0 and14 %. In case of steel, this is between <1 and 19%.
For phantom material, the deviations of HVL values of beams transmitted through lucite are more pronounced than those of beams transmitted through soft tissue and water. The qualitative deviations (HVL variations) of beams transmitted through all the materials in comparison with beams through lead at LAE increase with increase in thickness for all the values of kVcp investigated. For all the materials investigated in comparison with lead, only steel at 70, 80 and 90 kVcp has both exposure and HVL values matched to less than 1 % at all thicknesses considered (Table 6) . At 100 kVcp, the matching of HVL of beams through steel and lead for equal attenuation matching was 3 -5 %. Above this kVcp values (110 -140), this matching deviates by 6-19 %. Thus, in comparison with phantom materials and aluminium, steel and lead exhibit better closer attenuation and hardening properties.
Matching of hardness (qualitative matching)
Results presented in Table 7 and Fig. 2 show that there are relatively good matches in shape of beams through phantom materials, aluminium and steel in comparison with those through lead at LHE for 70 -100 range of kVcp values. The differences in HVL values for this range of kVcp values are ~ 1 %. Above 100 kVcp, the HVL values differ between 1 and 13 % depending on the thickness of phantom materials. The deviation from close matching of HVL values increases with thickness of phantom materials for the range of 110-140 kVcp values. In the case of aluminium and steel, best matching of HVL are limited to between 70, 80 and 90 kVcp values. Above these, differences in HVL values were between 1-26%. As in the case of phantom materials, these differences increase with increase in thickness of aluminium and steel. In general, for all materials investigated, when there are appreciable differences, beams through lead have higher HVL values except for steel where the RMS error of matching of hardness exceeds 100 % (see the subsection on RMS error below).
Even though the HVL values (or shapes of spectra) were matched as highlighted above, the differences in exposure for beams transmitted through phantom materials differ remarkably from those through lead at LHE (Table 7) . Beams through lead at LHE have higher values of transmitted exposure when compared with those transmitted through phantom materials (Fig. 2) . For higher thicknesses of phantom materials, the incident beams suffer drastic reduction in exposure in comparison with reduction by lead at LHE thicknesses (Figs 2a, 2c, 2e and 2i). These differences in exposure increase with increase in thickness of phantom materials but do not show any dependence on values of kVcp (Table 7) . Differences in exposure for spectra through aluminium and steel are not as pronounced as in the cases of phantom materials. This is with the exception of steel at higher thicknesses that are greater than 6 mm and kVcp values that are greater than 100 kVcp. For steel at these thicknesses and kVcp values, comparable differences in exposure as those of phantom-lead combination were observed (Table 7 ).
Accuracy of matching of hardness -RMS errors
It is possible for two X-ray beams that are not spectrally the same across the entire energy spectrum to have the same HVL values. Thus, for strict equivalent hardening of a given incident beam by two different materials, it is necessary to look at the accuracy of spectral, match over the entire energy range. The estimate of this accuracy was carried out in the computer package, MATSIM1 by the determination of the minimum root-mean-square (RMS) error (Eq. 7 of Jennings 5 ). Good matching in hardness across a large range of energy spectrum are obtained when values of RMS errors are small.
The values of minimum RMS errors obtained for all the materials in comparison with lead at LHE are presented in Table 8 . For phantom materials, aluminium and steel, these values are less than 10 % for all thicknesses considered for 70, 80 and 90 kVcp values. This limitation to less than 10 % was observed only for 100 kVcp at thicknesses of phantom materials that are ≤ 150 mm. For aluminium, this was observed at thicknesses ≤ 30 mm. The RMS error exceeds 10 % for all materials investigated at values of kVcp that are greater than 100. Worst cases of RMS error of above 100 % were observed for steel at thicknesses that are greater than 4 mm for kVcp values in the range of 100 and 140. This is corroborated by the higher percentage differences in HVL values reported for beams through steel in comparison with those through lead at LHE that are reported in Table 7 . Fig. 2f (a typical example) shows that good match in hardness is not achievable between lead and steel at higher thicknesses in the range of 110 and 140 kVcp values.
Comparison of LAE and LHE
Results presented in Table 9 show that the values of LAE obtained are greater than those of LHE with these differences increasing with increase in thickness and kVcp values for phantom materials. In comparison with differences observed between LAE and LHE for equivalence of phantom materials with lead, those observed for aluminium and steel for equivalence with lead are not as pronounced. Closest values of LAE and LHE were obtained for steel at 70, 80, 90 and 100 kVcp. This again supports the fact that steel and lead have appreciable close attenuation and hardening properties in this range of kVcp values and thicknesses.
To provide opportunity for the comparison of previous results in literature, values of LAE and LHE were calculated for some thicknesses of steel. The comparison of the results from these calculations which are in agreement with values of lead equivalence thicknesses reported in Table VIII of  Archer et al. 14 for steel are presented in Table 10 .
Equivalence in shielding
The results of the calculation of transmission of exposure for some selected thicknesses of water phantoms and values of LAE producing equal transmission are presented in Table 11 for 80 and 100 kVcp. Results presented in Table 11 show that even though the exposure transmission through a given thickness of water phantom is the same as that for corresponding LAE, values of HVL (in bracket) are not the same. The results of the significance of this on shielding for X-ray facilities are presented in Table 12 . For 80 and 100 kVcp, using PHACOM, the exit spectra from 100 mm-and 300 mm-thick water phantoms were used as incident spectra on a radiographic table. In similar manner, the exit spectra from corresponding LAE (to 100 mm-and 300 mmthick water phantoms) were used as incident spectra on the same radiographic table. Transmission factors through this steel thickness are found not to be the same as expected since the beams (exiting water phantom and LAE) used as incident beam are not of the same quality (HVL) even though of the same exposure (Table 11 ). For example from Table 11 for 80 kVcp, the HVL of beam exiting 100 mm-thick water phantom and incident on specified radiographic table is 5.68 mm Al, while that exiting LAE of 100 mm thick water phantom and incident on the same radiographic table is 8.64 mm Al. From Table 12 , the transmission factor, f 3 w (100) for the latter is 4.0 × 10 -3 , while that of former, f 4 l (100) is 1.0 × 10 -2 . With water phantom and radiographic table, the estimate of primary radiation level to the area to be shielded at a distance from the focal spot of 2 m for a workload of 680 mA min week -1 and unattenuated exposure, K 0 of 3.8 mSv (mA min) -1 at 1 m from focal spot is 0.14 mSv week -1 and 0.03 mSv week -1 if the person to be shielded is 4 m from focal spot for 80 kVcp (Table 12 ). If lead material was substituted for water phantom, this estimate yields 0.35 mSv week (Table 12) . In this case, the use of this lead thickness (LAE) to account for the shielding afforded by patient (water phantom) does not produce the same reduction of primary radiation level in the area marked for shielding. From Table 12 , for this example, the thickness of lead 'equivalent' to patient and radiographic table is 1.26 mm (0.26 mm for patient + 1.00 mm for radiographic table). This thickness only reduces the primary radiation level at 2 m to focal spot to 0.35 mSv week -1 and 0.09 mSv week -1 if the person to be shielded is 4 m from focal spot. An additional amount of lead thicknesses of 0.27 mm and 0.25 mm are required to reduce the primary radiation level to 0.14 mSv week -1 and 0.03 mSv week -1 , respectively. This thickness which is to produce additional reduction factor of 0.14/0.35 or 0.03/0.09 is to be added to 1.26 mm to produce the 'exact' LAE that yields reduction of primary radiation level as that obtainable from patient and radiographic table. Thus, the 'exact' LAE in this case is 1.53 mm and 1.51 mm of lead. The 'exact' LAE is 21 % or 20 % more than that which is not 'exact'. Shielding afforded by LAE of 1.26 is not the same as that afforded by phantom material and radiographic table combined. The computations for 100 kVcp show that 0.25 mm In the case of 80 kVcp, apart from the 'exact' LAE (1.53 mm Pb) of 100 mm thick patient and radiographic table, an additional 0.51 mm of lead is required to reduce the unshielded primary radiation to design level of 2.0 × 10 -2 mSv week -1 at 2 m to focal spot. An additional 0.14 mm of lead is required to reduce the unshielded primary radiation to design level of 2.0 × 10 -2 mSv week -1 at 4 m to focal spot. Reducing the unshielded primary radiation to design level of 2.0 × 10 -2 mSv week -1 at 2 m to focal spot for 100 kVcp will require an additional 0.99 mm of lead apart from 'exact' LAE (1.66 mm Pb) of 100 mm thick patient and radiographic table. An additional 0.46 mm of lead is required to reduce this unshielded primary radiation to design level of 2.0 × 10 -2 mSv week -1 at 4 m to focal spot.
As noted above, LHE obtained are smaller than LAE with these differences increasing with increase in thickness and kVcp values for phantom materials. Thus, LHE will transmit greater primary radiation level in comparison with LAE. Consequently LHE does not afford the same shielding as LAE. Though LHE produces beam with equal HVL value, there are gross disparities in exposure values of beams when there are differences in attenuation and hardening properties of materials in comparison. As a result of these disparities in values of exposure, LHE thicknesses do not afford equivalent shielding as substitute materials 16 .
The results presented above point to the fact that the shieldings that are affordable by lead thicknesses, LAE and LHE are not strictly equivalent to those affordable by substitutes (phantom materials, aluminium and steel) when there are differences in attenuation and hardening properties. The penetration power of beam through LAE is more than that of beam through substitutes. Beams with higher HVL values will require more shielding thickness than beams with lower HVL values with the same exposure values. The surface dose from beams of different HVL but equal exposure may not be the same. Relatively higher doses to organs situated at depth in the body by beams with higher HVL values will result. The increased percentage depth-dose distribution may warrant the need for a reassessment of radiological risk when alternative shielding materials are being considered and equivalence of such has to be installed. When such situation arises, it may be suggested that a dosimetric quantity that accounts for risk-related dose quantity such as effective dose equivalent be used instead of exposure or dose 17 .
Conclusions
Numerical results presented show that in the determination of lead equivalence of patient and materials of hardware in the X-ray beam (grid, cassette, cassette holder and X-ray table), there is the need to distinguish between attenuation (reduction of exposure or dose) and hardening of beams. For two materials that do not have the same attenuation and hardening properties, equal exposure reduction does not result in equivalent shielding since penetrating power of beams at equal attenuation of exposure may not be the same. Likewise, when there are disparities in attenuation and hardening properties, equal hardening does not lead to equal exposure reductions. Either LAE or LHE may be used when materials in comparison have the same attenuation and hardening properties. LAE may be preferable in the event of slight differences in attenuation and hardening properties as observed in the results presented for steel-lead combination. In the use of LAE, the higher penetration ability of beam through lead in comparison with beam through phantom materials and aluminium may require a reassessment of equivalence in shielding ability based on parameter such as effective dose equivalent.
